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Abstract. On 4 June 2011 an eruption of the Chilean volcano
complex Puyehue–Cord´ on Caulle injected large amounts of
volcanic ash into the atmosphere and affected local life as
well as hemisphere-wide air trafﬁc. Observations of the In-
fraredAtmosphericSoundingInterferometer(IASI)ﬂownon
board of the MetOp satellite have been exploited to analyze
the evolution of the ash plume around the Southern Hemi-
sphere. A novel singular vector-based retrieval methodology,
originally developed for observation of desert dust over land
and ocean, has been adapted to enable remote sensing of vol-
canic ash.
Since IASI observations in the 8–12µm window are ap-
plied in the retrieval, the method is insensitive to solar illu-
mination and therefore yields twice the observation rate of
the ash plume evolution compared to solar backscatter meth-
ods from polar orbiting satellites. The retrieval scheme, the
emission characteristics and the circumpolar transport of the
ash are examined by means of a source–receptor analysis.
1 Introduction
Volcanic eruptions can emit large quantities of ash parti-
cles and gases, such as H2O, CO2 or SO2, into the at-
mosphere. Depending on the injection height, volcanic ash
can remain up to several weeks in the troposphere and up
to months in the stratosphere. According to Halmer and
Schmincke (2003), 80% of ash emissions from explosive
volcanic eruptions exceed altitudes of 6km, 60% of 10km
and 20% altitudes of 15km. Therefore, volcanic ash may
also be subject to long-range transport in the free troposphere
and stratosphere.
In ambient air, volcanic ash poses a severe health risk
to human beings and animals (Horwell and Baxter, 2006).
Moreover, volcanic ash has proven to be a hazard to aviation
(Miller and Casadevall, 2000). Depending on its concentra-
tion and composition it can strongly reduce visibility, clog
the sensors of the aircraft, disturb the avionics and in the
worst case lead to a failure of turbojet engines (Swanson and
Beget, 1991).
In the past more than 90 aircraft were damaged after ﬂying
through volcanic ash plumes. The total cost of the damage to
aircraft in the period 1982–2000 is estimated at 250 million
US dollars, but so far none of the incidents have resulted in
fatal accidents (van Geffen et al., 2007). The eruption of the
Icelandic volcano Eyjafjalla in March and April 2010 and
the closure of the European air space has clearly demon-
strated the vulnerability of the economy to such an air dis-
aster (Zehner, 2010). Moreover, it has demonstrated the im-
portance of satellite data for tracking and early warning of
volcanic emissions and, in particular, ash plumes.
Very often observations of SO2 and the ultraviolet aerosol
absorbing index (Torres et al., 1998) have been used oper-
ationally as a proxy for the location of volcanic ash from
satellite instruments like the Total Ozone Monitoring Spec-
trometer (TOMS), the Global Ozone Monitoring Exper-
iment (GOME, GOME-2), Scanning Imaging Absorption
Spectrometer for Atmospheric Cartography (SCIAMACHY)
and the Ozone Monitoring Instrument (OMI) (e.g. Krueger,
1983; Thomas et al., 2005; Loyola et al., 2008; Rix et al.,
2009; Krotkov et al., 2006).
Mineral aerosol extinction in the thermal infrared win-
dow is mainly caused by Si-O resonance absorption around
9.5µm in silicates (e.g. Hudson et al., 2008a, b). Like desert
dust, volcanic ash is largely composed of silicate materi-
als (e.g. Pettijohn et al., 1972; Horwell and Baxter, 2006;
Prata and Kerkmann, 2007). Prata (1989) showed that in-
frared split window satellite observations can be used to de-
tect volcanic ash plumes. Different approaches to exploit-
ing differential volcanic ash absorption in infrared satellite
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observations for ash detection have been applied to volcanic
eruptions since (e.g. Wen and Rose, 1994; Hilger and Clarke,
2002; Corradini et al., 2009; Karagulian et al., 2010). Re-
cently, the Infrared Atmospheric Sounding Interferometer
(IASI) on MetOp has been applied to observe volcanic SO2
and to successfully detect volcanic ash, e.g. from the Chaiten
(Chile, 2008), Kasatochi (Aleutian Islands, 2008) and Ey-
jafjalla (Iceland, 2010) eruptions (e.g. Clarisse et al., 2008,
2012; Gangale et al., 2010; Karagulian et al., 2010).
In this paper the adaptation of a novel retrieval method
for mineral dust to volcanic ash is presented. It enables re-
mote sensing of volcanic ash aerosol optical depth (AOD)
with IASI. The method is applied to a plinian eruption from
a ﬁssure in the Puyehue–Cord´ on Caulle Volcanic Complex
in central Chile, which began on 4 June 2011 at 19:15UTC
(SERNAGEOMIN, 2011). Hereafter the eruption will be re-
ferred to as PCCE (Puyehue–Cord´ on Caulle eruption). It
caused ash fall over South America and widespread air space
closure over South Africa, Australia and New Zealand as
well. The ash plume could be detected south of Australia
some days after the eruption and reached the Chilean coast
from westerly directions again on 14 June 2011 after circum-
polar transport.
After this introduction the ash retrieval method for IASI
is described in Sect. 2, followed by observations and anal-
ysis of the PCCE ash plume. After a discussion in Sect. 4,
conclusions are drawn in Sect. 5.
2 The SVD based volcanic ash retrieval method
from IASI
The Infrared Atmospheric Sounding Interferometer (IASI)
is a Michelson interferometer developed for atmospheric
sounding in the thermal infrared spectrum (Larar et al.,
2010). It has a spectral resolution of 0.5cm−1 in 8641 chan-
nels at a ground resolution of 12km (diameter) at nadir.
In Kl¨ user et al. (2011), a methodology to retrieve mineral
dust aerosol optical depth (AOD) from IASI observations
was presented. This method uses singular vector decompo-
sition (SVD) for un-mixing the signals of (mineral) aerosol,
gas absorption and surface emissivity. Unlike classical prin-
cipal component analysis (PCA), SVD is performed on the
data (or observation) matrix directly and not on the covari-
ance matrix. Mathematically it is the solution of the eigen-
value problem for a non-symmetric matrix.
The approach extracts the aerosol information from the
spectral extinction (due to absorption and scattering by the
aerosol) pattern matched to linear combinations of third and
higher order singular vectors of IASI spectra.
The basic idea of the method is to apply a volcanic ash ob-
servation method which does not rely on a priori assumptions
such as atmospheric state or surface emissivity. Following
this constraint, no forward modelling of the radiance ﬁeld is
applied in this method. Nevertheless, one a priori assumption
cannot be avoided – the use of spectral extinction properties
of the observed aerosol (volcanic ash). For the observation
of mineral dust over desert areas, extinction spectra of dust
components measured in the laboratory by FTIR are used
(Kl¨ user et al., 2012; measurements of spectra described in
Hudson et al., 2008a, b).
Instead of pre-calculating look-up tables generated by ra-
diative transfer forward modelling, mineral aerosol related
equivalentopticaldepthspectraarecalculatedinthe8–12µm
(830–1250cm−1) window region (Kl¨ user et al., 2011). For
mathematical details of the retrieval algorithm the reader is
referred to Kl¨ user et al. (2011).
The IASI radiance spectra of the window region (830–
1250cm−1) are compiled into 42 bins with 10cm−1 bin
width (20 IASI channels each) with maximum brightness
temperature of each bin being used in order to minimise the
absorption effect of narrow gas absorption lines. Then the
equivalent optical depth τeqv is calculated from the observed
radiance Lobs at wavenumber ν, the Planck-function Bν of
Tbase, i.e. the maximum brightness temperature within the
observation window (baseline temperature) and the cosine of
the viewing zenith angle (2v):
Lobs = e−τeqv/cos(θv)Bν (Tbase). (1)
Singular vectors decomposed from IASI spectra of a seven-
day period reﬂect the dominating modes of spectral variabil-
ity in IASI spectra (Kl¨ user et al., 2011).
The leading two singular vectors account for most vari-
ability in the IASI spectra and can be attributed to surface
emissivity and broad gas absorption (O3, H2O, CO2). Con-
sequently, the ash signal is carried mainly by the higher or-
der singular vectors (numbers three to six). Projection of the
normalisedashextinctionspectrumontotheashrelatedspec-
tral extinction signal, i.e. the linear combination of weighted
higher order singular vectors, provides an estimate of the in-
fraredopticaldepthofvolcanicashat1000cm−1 represented
by the respective ash component (done for each component
separately). The weighting of the different components is ob-
tained from a least-squares ﬁt between the theoretical AOD
spectrum and the singular vector linear combination. From
the AOD estimate the effective ash emission temperature can
be estimated (Ackerman, 1997; Kl¨ user et al., 2011). The ob-
served radiance spectra are then corrected for the contribu-
tion of aerosol emission and a second iteration of the retrieval
yields ash infrared AOD.
The validation of IASI derived desert dust AOD could be
largely improved by the use of measured extinction spec-
tra for different dust components compared to using OPAC
spectra (Kl¨ user et al., 2012). One of the major advantages
of the singular vector-based un-mixing approach is that min-
eral aerosol can also be observed above land, where surface
emissivity is unknown. Moreover, silicate aerosols can also
be detected above underlying clouds.
Extinction spectra of desert dust and volcanic ash in the
8–12µm range have large similarity, as both are mainly
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composed of silicate materials (e.g. Volz, 1973). Never-
theless, mineralogy and particle sizes of volcanic ash may
strongly differ from dust assumptions (Volz, 1973), espe-
cially regarding the apparent absence of clays and the higher
feldspar abundance as well as the presence of maﬁc minerals
(Pettijohn et al., 1972). Moreover, Hudson et al. (2008a, b)
showed that the extinction spectra obtained from Mie calcu-
lations are signiﬁcantly blue-shifted when compared to mea-
sured extinction spectra.
The continuous distribution of ellipsoids (CDE) approach
for modelling the spectral absorption of aerosols (e.g. Hud-
son et al., 2008b) shows the best representation of spectral
characteristics of the extinction spectra. Yet the approach
only accounts for absorption and neglects scattering by the
aerosol. While for small particles (D  λ) this assumption
does not result in large errors (see Yang et al., 2007; Laksina
et al., 2012), for larger particles the single scattering albedo
increases and the assumption breaks down. Nevertheless,
Ackerman (1997) analysed the sensitivity of spectral varia-
tion of total extinction to scattering effects for desert dust
under different conditions and also for volcanic ash. Scatter-
ing by volcanic ash was found to be spectrally invariant. In
addition, Thomas and Gautier (2009) show for a quartz-rich
dust storm over Africa that spectral variability of IR AOD is
dominated by absorption. It is not clear if this is generally the
case in volcanic ash (refractive indices of different ash com-
ponents show rather large variability also of the real part for
volcanic ash components, e.g. Pollack et al., 1973). Figure 1
shows the single-scattering albedo for plagioclase and ortho-
clase feldspars to be exemplarily. For both feldspars, three
different size distributions inspired by the OPAC dust modes
(Hess et al., 1998) are presented and single scattering albedo
is calculated with Mie theory. As outlined above, for small
particles single scattering albedo is very small (solid lines)
and scattering effects can be neglected. For coarser particles
scattering becomes more important and causes the broaden-
ing of the extinction peaks.
The eight mineral components used for ash retrieval to-
gether with their source of optical constants are presented in
Table 1, while the resulting extinction spectra are depicted in
Fig. 1. The selection of minerals is based on reports of min-
eralogical composition for Andean volcanoes indicating that
their ash contains high fractions of quartz or silicate glass
(like obsidian) and feldspars (e.g. Watt et al., 2009; Alfano
et al., 2011). In contrast to many previous studies (e.g. Prata,
1989; Wen and Rose, 1994; Clarisse et al., 2010), no min-
eral spectra of “bulk ash compositions” have been used here
in order to (be generally able to) account for variable frac-
tions of distinct mineral components. The spectra of the dif-
ferent components are normalized by the integrated extinc-
tion over the retrieval domain (833cm−1–1250cm−1, equals
8µm–12µm in wavelength space) in Fig. 1 for visualisation
purposes.
The list of components is deﬁnitely not complete to con-
sider all volcanic minerals. Due to the different mineralogies
ofvolcanicashfromdifferentregionsorgeologicalprocesses
(e.g. subduction zones or mid-ocean ridges), it is not clear if
one list of useful mineral components can be applied glob-
ally. However, eight components are sufﬁcient for the re-
trieval of volcanic ash in reasonable computing time. They
also provide enough spectral variability to search for the best
ﬁt in the observations. Apart from that, these spectra repre-
sent a selection of minerals with rather strong deviations in
spectral features between each other compared to other min-
erals. Nevertheless, it is not envisaged or suggested that the
retrieval components cover the full mineralogy of volcanic
ash.
Furthermore, it is not claimed that the resulting mineralog-
ical composition as calculated in the retrieval represents the
true composition of the volcanic ash. As has been outlined
above, the role of particle size on scattering properties of the
ash has not been analysed in detail. Since no explicit forward
modelling is used in the retrieval, it is difﬁcult to perform
an information content analysis by calculating averaging ker-
nels (see e.g. Rodgers, 2000). The role of particle scattering
on composition information content has to be investigated in
more detail in the future. Gangale et al. (2010) conclude that
ash retrievals from TIR sounders are sensitive to composition
and particle size of the ash besides optical depth due to the
reasons outlined above. Consequently, the best ﬁt of compo-
nents with variable extinction spectra can also be affected by
the particle size distribution, representing scattering effects
of larger ash particles (see also Salisbury and Wald, 1992).
Although the mineral extinction models are selected to ﬁt
volcanicashplumes,theyalsohavetoincludesilicateswhich
are also abundant in desert dust (e.g. SiO2, feldspars). Thus,
the retrieval will also be sensitive to airborne mineral dust.
Ice clouds can also be detected from IASI with the same
method as the ash retrieval run with ice cloud optical proper-
ties (Warren, 1984). Information on ice clouds is used quali-
tatively only due to lacking validation.
3 Observation and analysis of the ash plume
Figure 2 shows the evolution of the PCCE ash plume during
the initial phase of the eruption as seen in IASI AOD. The
volcanoisindicatedinthemapsbythewhitetrianglenearthe
plume origin in Chile. The plume evolution is depicted for
each overpass of the MetOp satellite, i.e. at about 09:45 local
time in the morning (descending orbits) and about 21:45 lo-
cal time in the evening (ascending orbits). The retrieval has
been limited to latitudes between 20◦ S and 60◦ S in order to
reduce processing costs. Ash optical depth at 10µm reaches
values of more than 1.5 in the plume center. The plume is
covered very well by the IASI observations, although there
are hardly any observations directly above the volcano. It
is obvious that some lower mineral AOD observations over
northern parts of Chile are not related to the PCCE plume
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Fig. 1. Left: Extinction spectra of volcanic minerals in wavenumber (ν) space. The vertical dashed black lines delimit the ozone absorption
band not used by the retrieval (see Kl¨ user et al., 2011). Right: Single scattering albedo of the feldspars (plagioclase in red and orthoclase in
blue) for three different size distributions inspired from OPAC dust modes (solid: nucleation mode, dashed: accumulation mode, dash-dot:
coarse mode).
Fig.2.AshOpticalDepthat10µmofthePCCEplumefor5through
6 June. Descending (desc.) orbits represent morning observations,
ascending (asc.) orbits are from local evening. The black triangle
indicates the position of the volcano.
Table 1. Mineral components used in the retrieval and source of
optical constants.
Mineral Source
Obsidian Koike et al. (1989)
Palagonite Roush et al. (1991)
Bytownite (Plagioclase) Aronson et al. (1979)
Orthoclase Aronson (1986)
Saponite Roush et al. (1991)
Forsterite (Olivine) Servoin and Pirou (1973)
Augite (Clinopyroxene) Aronson et al. (1979)
Orthopyroxene Roush et al. (1991)
(especially on 6 June). These may well be observations of
airborne desert dust.
Figure 3 shows the volcanic ash plume through the sub-
sequent days (7 and 8 June). On 7 June, parts of the plume
directly above the volcanic source and also north of 30◦ S
are missed due to orbit gaps and ice clouds (see Fig. 4).
The missed ash is advected further east and again detected
at the Atlantic Ocean coast in the evening (visible on 8 June
in Fig. 3).
With IASI it is not possible to retrieve volcanic ash AOD
below or within ice clouds. Moreover, within the 12km IASI
pixels mixtures of ice and ash or ice coatings on ash parti-
cles may occur. Thus, one is also interested in the position
and opacity of ice clouds. As a ﬁrst assessment, resulting ex-
tinction spectra of the ash plume are mixed with ice cloud
extinction spectra (Warren, 1984) for ice cloud contributions
of 0%, 25%, 50%, 75% and pure ice cloud. For each ash-
ice mixture the correlation coefﬁcient between composed
ash-ice extinction spectrum and observed linear combination
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Fig. 3. The PCCE ash plume on its way around the Southern Hemi-
sphere for descending MetOp orbits from 7, 8, 12 and 13 June.
of weighted singular vectors is calculated and the respec-
tive ice abundance is weighted with the normalized corre-
lation, yielding the ice cloud probability for the respective
pixel. Ice cloud probabilities within ash observations (with
AOD10µm >0.1 only) are depicted in the top row of Fig. 4
for 7 and 8 June descending orbits. The ice cloud extinction
spectra can be used to calculate an ice cloud index by corre-
lating them to the IASI spectra (bottom row of Fig. 4). Index
values above 50 (correlation times 100) indicate opaque ice
clouds while lower values indicate potential thin ice cloud
contamination of the observations. It is evident from Fig. 4
that in these cases the ash plume is transported very close to
and potentially partly within or beneath ice clouds.
In order to examine the retrieval scheme for the PCCE
event, the sensitivity of IASI aerosol optical depth thresholds
and the maximum retrieval uncertainty is investigated. For
the analysis the threshold values for aerosol optical depth are
varied between 0.1 and 0.3 and the intrinsic retrieval uncer-
tainty ranges between threshold values from 30% to 50%.
The results of the evaluation are summarized in Table 2. Se-
lecting conservative criteria with retrieval uncertainties less
than 30% and aerosol optical depths thresholds larger than
0.2 results in 1874 IASI observations for the PCCE event
from June 5 to 14. By applying these conservative criteria the
Fig. 4. Probability of ice crystals in ash plume for descending orbits
of 7 and 8 June 2011 (top row) and ice cloud index for all IASI
observations (bottom row).
noise level of the observational data can be reduced to a min-
imum. When selecting an even stricter threshold for aerosol
optical depth of larger than 0.3 (and uncertainty less than
30%), no ash observations remain for 11 June and 14 June.
All IASI observations are assigned to speciﬁc sources,
i.e. the PCCE or mineral dust, by a simple source–receptor
analysis using the backward trajectory-matching technique
(Thomas et al., 2005). Following the sensitivity analysis
above,allIASIashobservationswithanaerosolopticaldepth
larger than 0.2 and a retrieval uncertainty less than 30% from
5 June to 14 June are examined (1874 observations). Ensem-
bles of backward trajectories are calculated using the three-
dimensional kinematic trajectory model FLEXTRA (Stohl et
al., 1999), which is driven by wind ﬁelds from the Global
Forecasting System (GFS) of the National Center for En-
vironmental Prediction (NCEP) with a 6h resolution inter-
polated to 3h. In order to attribute every single IASI ob-
servation to the PCCE or other potential emission sources,
ensembles of backward trajectories are released at the satel-
lite observation using the spatial and temporal characteriza-
tion of the IASI observations as starting conditions. Trajec-
tories are integrated backwards for 240h. Since the height
of the ash plume in the (vertically integrated) observations
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Fig. 5. Backward trajectories released for the IASI observations on 11 June (left) and 13 June (right) ﬁltered for PCCE depicting the source–
receptor relationship. In the bottom panel the matching backward trajectories are plotted as a function of height. The triangle symbolizes
the volcano (source), the cross the observation (receptor where the backward trajectory was initialized). The observation time follows two
groups, the ascending and descending orbit.
Table 2. Sensitivity of the number of IASI observations to aerosol optical depth thresholds (AOD) and maximum retrieval uncertainty (ERR)
for the eruptive period from 5 June to 14 June 2011. For the analysis the threshold values for aerosol optical depth vary between 0.1 and 0.3
and the retrieval uncertainty between threshold values ranging from 30% to 50%.
AOD >0.1 >0.1 >0.1 >0.2 >0.2 >0.2 >0.3 >0.3 >0.3
ERR >50% >40% >30% >50% >40% >30% >50% >40% >30%
Date nobs
5 Jun 161 145 97 127 123 90 103 101 84
6 Jun 998 801 464 717 641 402 500 471 326
7 Jun 1089 942 630 729 667 456 460 449 309
8 Jun 1149 982 665 691 617 437 399 380 284
9 Jun 762 605 365 297 261 185 118 112 90
10 Jun 628 572 387 200 197 176 50 50 47
11 Jun 167 146 101 18 18 17 0 0 0
12 Jun 240 211 136 50 49 43 18 18 16
13 Jun 333 302 196 72 69 64 5 5 5
14 Jun 132 119 82 13 13 4 1 1 0
Total No. Obs 5659 4825 3123 2914 2655 1874 1654 1587 1161
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is unknown, the trajectories are initialized every 250m from
1km to 15km altitude. Filtering the resulting ensemble of
trajectories for the PCCE source allows conﬁrming the vol-
canic origin of the detected (ash) particles and excluding
other sources. It enables estimation of the effective emis-
sion height over the volcano as well as the effective height of
the ash plume using the vertical wind shear. The accuracy of
the trajectory-matching approach was evaluated in Thomas
et al. (2005) using ground-based measurements of SO2 and
aerosols.
Figure 5 shows the backward trajectories released for
all IASI observations as described above on 11 June and
13 June, ﬁltered for PCCE. Please note that the highest tra-
jectories are plotted on top. Despite a transport time of partly
over 192h, ash observations can be assigned to the PCCE.
The altitude range of the trajectories that can be traced back
to an emission on 4 June and 5 June varies from 6 to 16km.
The effective emission height for the initial eruption based
on these selected observation dates can be assigned to 9 to
16km. Using the observations on 13 June, for the subsequent
eruption on 11 June, altitude levels of the plume between 4
and 7km are exhibited, while the effective emission height
can be conﬁned from 5 to 7km. The ash observations at
45◦ W/40◦ S on 13 June originate from a repeat minor erup-
tionon12Juneandcanbeassignedtoaltitudelevelsbetween
9 and 11km.
Coherent long-range transport of the ash plume can be
seen for the whole period. The source–receptor analysis for
11 June still represents well the pronounced wind shear to
the east of Chile that could be observed by IASI (see Fig. 2).
Ensembles of trajectories stay coherent depending on the ef-
fective emission height.
Evaluating the results of the trajectory analysis described
above, Fig. 6 shows the percentage of IASI observations per
day that can be assigned to the PCCE source. The given dates
refer to the date of observation. Despite the application of
a simple source–receptor analysis and global wind ﬁelds it
can be demonstrated that the majority of observations from
5 June to 12 June can be assigned to the PCCE. It is also ev-
ident that the numbers decrease with increasing travel time
up to 216h taking into account that the majority of ash was
released on 5 to 6 June. However, the result is somewhat
disturbed as such that continued ash emissions prevail till
13 June.
By means of analyzing all IASI observations between
5 June and 14 June with the backward trajectory-matching
technique described above, the effective emission height for
the PCCE is estimated. All trajectories arriving over the vol-
cano in a 1◦ ×1◦ grid box centered at the source are ﬁltered
and normalized trajectory densities derived as a function of
time and altitude.
The estimated effective emission height for the volcanic
ash at PCC is depicted in Fig. 7 and follows well the inde-
pendent observations mainly from ground reported by SER-
NAGEOMIN (2011); the onset of the PCCE on 4 June,
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Fig. 6. Percentage of IASI observations per day that could be as-
signed to the PCCE source. The given dates refer to the date of
observation. The dotted line indicates the onset of the eruption on
4 June 2011 at 19:15UTC.
19:15UTC, is captured (within the given temporal uncer-
tainty of the wind ﬁelds: 6h interpolated to 3h resolution
according to Stohl et al., 1999). On 4 June and 5 June the
lower part ranging from 3 to 7km (that was transported to
the southeast) is well separated from an upper part above
9km (that was transported to the east) (see Fig. 2). On 5 June
an ash layer was observed by aircraft pilots at ﬂight level
390/400 which corresponds to an altitude of approximately
12km. This can be recognized well in the Fig. 7 as max-
imum densities (given the uncertainties of the approach in
particular to limitations in the vertical resolution). This is
conﬁrmed by local observatories which report an eruptive
column of about 10 to 12km height for 5 June. According
to the reports from ground, the eruptive column lowers down
to 10km on 6 June (13:00UTC). The subsequent eruptive
phases on 7 June, 8 June, 11 June, and 13 June are also
reproduced in the normalized trajectory densities above the
volcano. The height regimes for the analyzed period are cap-
tured well, starting with an eruptive column exceeding 10km
but remaining below that level for the subsequent eruptions
(when considering the maxima of the trajectory densities at
the source). The maximum heights of the eruptive columns
of the subsequent eruptions were estimated from ground to
7.5km on 8 June, 4 and 8km on 11 June, and 8km on
13 June. The weak vertical structure of the analysis on 11
and 13 June indicates that some uncertainty is introduced by
a missing or weak wind shear and in addition short travel
times of the trajectories.
Derived emissions before the actual onset of the eruption
clearly reﬂect further uncertainty introduced by the coarse
resolution wind ﬁelds and thus the overall limitation and de-
pendency on the quality of the wind ﬁelds.
Having conﬁrmed the PCCE as the source of the majority
of IASI observations with backward modelling, in a second
step the Lagrangian Particle Dispersion Model FLEXPART
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Fig. 7. Normalized trajectory density above PCC from 1 June to
15 June as indicator for the effective emission height of the volcanic
ash derived by applying a source–receptor analysis using ensembles
of backward trajectories.
(Stohl et al., 2005) has been applied to perform forward cal-
culations. In contrast to the FLEXTRA model used for the
backward trajectory analysis, the particle dispersion model
FLEXPART is applied for forward calculations of air tracer
advection. Moreover, sub-scale processes introducing in-
creased dispersion as well as particle removal are considered.
In our study, the particles are regarded as passive tracers;
hence no chemical conversion takes place. Applying both
FLEXTRA and FLEXPART can be used to prove the source–
receptorrelationship,includingdiffusion,andtoderiveasec-
ond estimate for the effective emission height, indicating un-
certainties inherent in the trajectory modelling approaches.
ForthisstudynoaprioriinformationisusedfortheFLEX-
PART simulations. Large amounts of particles with a unit
mass were simulated to be emitted above Puyehue–Cord´ on
Caulle from 2 to 14km above ground in height level slices of
1000m. They are continuously released at a frequency of 6h
from 4 June to 13 June (the same time range covered by the
FLEXTRA analysis). Such an approach has been introduced
to study SO2 emission proﬁles of the Jebel at-Ta¨ ır eruption
in 2007 (Eckhardt et al., 2008).
The dispersion model simulation is driven by the identical
GFS forecasts which have been applied by the FLEXTRA
analysis (already discussed above).
To derive the PCCE source vertical emission proﬁle, all
emitted particles are followed and continuously compared to
IASI ash observations. Both the modelled particles and the
IASI observations are binned into a 0.5◦ ×0.5◦-grid. In the
case that IASI observations agree with modelled particles in
spaceandtime,thereleasetimeandaltitudeofthismodelrun
is tagged with a certain score. The score depends linearly on
the travel time of the air parcel and on the amount of binned
pixels overlapping.
This implies that the score increases the longer the emis-
sion is dated back and the better the overlap of the modelled
Fig. 8. Normalized particle density above PCC from 1 June to
15 June as indicator for the effective emission height of the volcanic
ash derived by matching emitted particles with IASI observations.
particles with IASI observations is. Finally, the score is nor-
malized for the three consecutive emission episodes of the
PCCE individually, resulting in a quantity referred to as nor-
malized particle density proﬁle (see Fig. 8).
For the whole episode, 1354 agreements of modelled and
observed particle bins are diagnosed. A total 38 bins of IASI
ash observations cannot be matched modelled particles. Most
of them are likely due to observations of desert dust.
Although the inversion by particle dispersion modelling is
initialized at a much coarser vertical and temporal discretiza-
tion, the key patterns in the effective emission proﬁles remain
(when comparing Figs. 8 and 9). However, some deviations
are obvious, like lower maximum emission heights in the ini-
tial eruption phase on 5 June and on 11 June.
4 Discussion
The IASI method is able to observe the evolution of the
PCCE ash plume on a full cycle around the Southern Hemi-
sphere. In contrast to methods using backscattered solar ra-
diation, thermal infrared methods like the presented one for
IASI are capable of observing the ash plume regardless of
solar illumination. Consequently, the sampling rate can be
doubled from polar orbiting platforms like MetOp.
In the setup used for volcanic ash retrieval the method has
not yet been validated, thus the results rather show the poten-
tial of the method then quantitatively accurate results. One
major limitation for validation is the lack of independent and
reliable quantitative aerosol observations as, e.g. from the
AERONET sunphotometer network (Holben et al., 1998),
in the Southern Hemisphere and especially over the ocean
where by far the most ash was observed by IASI. Apply-
ing the method originally developed for the observation of
airborne desert dust to ash plumes from other volcanic erup-
tions with better coverage from ground based observations
(e.g. the Eyjafjalla and Grimsv¨ otn eruptions in 2010 and
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2011, respectively) will result in a quantitative evaluation of
the application to volcanic ash in the future. Distinguishing
volcanic ash from other aerosols remains an unsolved prob-
lem, especially for monitoring and alerting purposes. The
IASI method has been shown to be sensitive to coarse mode,
mainly silicate, aerosol particles only in the desert dust setup
(Kl¨ user et al., 2012). Thus, it can be assumed that the vol-
canic ash setup is also insensitive to other aerosol types such
as industrial aerosols, biomass burning aerosol and sea salt.
Nevertheless, it is not yet clear if a distinction between vol-
canic ash and desert dust will be possible with this method.
The current setup of the volcanic ash retrieval uses mod-
elled extinction spectra. Hudson et al. (2008a, b) clearly
showed that modelling extinction spectra, also with methods
better suited than Mie theory, does not fully represent spec-
tral variability of mineral extinction. Moreover, the role of
scattering impacts on the extinction spectra is currently not
fully addressed.
By means of ensemble backward trajectory-matching and
forward Lagrangian particle dispersion modelling without
using a priori information, the source–receptor relationship
could be analyzed and the volcanic origin of the majority of
the IASI observations proven. In doing so the effective emis-
sion height of the ash at PCC was estimated and an indica-
tion of the plume height could be derived. Therefore these
approaches add information content to the vertically inte-
grated IASI ash observations, which is very relevant for avi-
ation safety and studies of stratospheric injections. A com-
parison with observations mainly from ground shows good
agreement, given the use of global wind ﬁeld at 6h resolu-
tion.
Despite the existence of more sophisticated inversion
schemes as applied in Stohl et al. (2011) for the eruption of
Eyjafjalla in Iceland, these simple approaches have proven to
be robust and efﬁcient for the purpose of analyzing a qualita-
tive source–receptor relationship in a near-real-time environ-
ment. Ensemble backward trajectory-matching and forward
Lagrangian particle dispersion modelling methods are sim-
ple compared to a full inversion of the Lagrangian transport
(Seibert et al., 2011) or adjoint retroplume approaches (Is-
sartel and Baverel, 2003), which are still among the suite of
applied methods (Baklanov et al., 2011).
However, all methods strongly rely on the vertical wind
shear and depend on the quality of the wind ﬁelds. In this
study, global wind ﬁelds from the Global Forecasting System
(NCEP) at 6h resolution interpolated to 3h have been used.
Kristiansen et al. (2012) have compared these wind ﬁelds to
alternativedatafromtheEuropeanCenterforMediumRange
Weather Forecast (ECMWF) and found that the source terms
were robust to which meteorological data was used. Still the
global data sets exhibit a coarse resolution compared to the
pronounced orography in the Andes and the volcanic ﬁssure
of PCC in particular. Furthermore, micro- and meso-scale
processestriggeredbytheeruptionsigniﬁcantlyinﬂuencethe
local meteorology. Seibert et al. (2011) conclude, however,
that eruption column models are not a good alternative. Es-
peciallyinnear-realtimeandforvolcanoesthatarenotmoni-
tored well, detailed knowledge of eruption source parameters
is lacking. Since the focus in this study is on examining the
hemispherictransportlocaleffectsatthevolcanoarenotcon-
sidered and global wind ﬁelds justiﬁed. As can be inferred
from Figs. 6 and 7, however, the derived emission proﬁles
prior to the actual onset of the eruption clearly reﬂect the un-
certainty introduced by the coarse resolution wind ﬁelds and
thus the overall limitation of the inversion methods.
5 Conclusion and outlook
A method previously developed for desert dust remote sens-
ing with IASI has been adapted for retrieving infrared optical
depth of volcanic ash plumes. The presented application of
thermal infrared observations enables to observe ash plumes
twice daily over land, over ocean and also above low-level
clouds. The volcanic ash retrieval method uses extinction
spectra of different mineral components found in volcanic
ash rather than ﬁxed “bulk-ash” refractive indices. As spher-
ical Mie calculations cause signiﬁcant errors in positions and
strengths of Si-O resonance peaks the extinction spectra are
modelled with non-spherical approximations. The different
mineralogical components are weighted by a Singular Vector
based projection scheme also accounting for surface emissiv-
ity effects in the observed radiance.
By applying the novel IASI retrieval scheme the plume
of the 2011 Puyehue–Cord´ on Caulle eruption (PCCE) could
be tracked along its circum-polar transport in the Southern
Hemisphere from 5 June to 14 June. On 14 June parts of the
ash emitted by PCCE arrived again at the source region from
westerly directions. The IASI observations were examined
by means of ensembles of backward trajectories and forward
particle dispersion modelling without using a priori infor-
mation. In doing so, the source–receptor relationship could
be analyzed and the volcanic origin of the majority of the
IASI observations proven. In addition, the effective emission
height of the ash at the volcano through the different eruption
phases was estimated and an indication of the plume height
could be derived. A comparison with observations mainly
from ground, as reported bySERNAGEOMIN (2011), shows
fairly good agreement, given the use of global winds ﬁelds
at 6h resolution and the dependency on vertical wind shear.
While the ash was repeatedly emitted into the troposphere
at height levels between 3km and 9km, during the peak of
the eruption on 5 June the ash was possibly emitted up to
15km. Both methods clearly indicate an emission peak be-
tween 9km and 14km. Observations from aircraft report ash
at ﬂight levels around 12km (SERNAGEOMIN, 2011). Al-
though two simple modelling approaches were applied, in-
formation content is added to the vertically integrated IASI
ash observations, which is very relevant for aviation safety
and studies of stratospheric injections.
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The focus of the source–receptor analyses performed here
has been to examine the IASI retrievals qualitatively with re-
spect to distinguishing between mineral dust and volcanic
ash. Supplementary, the potential of retrieving additional
characteristics of the eruption like effective emission height
and plume height has been demonstrated without addressing
ash concentrations.
In general, more quantitative methods to better consider
and evaluate ash concentrations and their uncertainty are
needed. A close collaboration between remote sensing and
atmosphericmodellingisessentialtofurthercharacterizeand
elaborate the uncertainties in both observations and analy-
sis, and to improve the derivation of the source function for
volcanic ash. It is expected that the presented ash retrieval
from IASI in combination with inversion modelling and data
assimilation will signiﬁcantly improve the reliability of ash
plume forecasts for aviation safety.
The IASI ash retrieval presented here has been developed
based on a scheme successfully used for remote sensing of
mineral (desert) dust. Although desert dust and volcanic ash
have large similarities insofar as they both are mainly com-
posed of silicate minerals and occupy more or less the same
particle size range, there are also differences like the speciﬁc
mineralogy impacting on the refractive indices in the thermal
infrared. Consequently, the evaluation results for desert dust
cannot be regarded as being representative for the retrieval of
volcanic ash AOD with IASI. Therefore a larger evaluation
study of the method with respectto volcanic ashis envisaged,
which will use observations of different volcanic eruptions
and will exploit independent space-borne and ground-based
observation capabilities. For example, independent informa-
tion on the plume height, e.g. from space-borne LIDAR in-
struments will be applied to verify the height range obtained
from the combination of IASI observations with Lagrangian
modelling.
It will be investigated in the future if information on the
separation between aeolian or volcanic origin of the aerosol
can be derived from the satellite observations reliably. More-
over, in a subsequent evaluation study it will be investigated
in detail how well optical depth and plume height (see Ack-
erman, 1997) are represented by a method which so far is
only quantitatively evaluated for desert dust, and if visible
optical depth can be derived reliably, which is largely con-
trolled by particle size (e.g. Gangale et al., 2010) besides in-
frared optical depth. Generally, the interdependence of spec-
tral extinction caused by particle size and by mineralogical
composition has to be addressed further. A detailed infor-
mation content analysis of the retrieval method considering
its assumptions and the single scattering properties of ash
particles needs to be performed at least over ocean, where
surface emissivity can be assumed to be spectrally homo-
geneous. Such an analysis will contribute to proving if the
signals resulting from particle size and composition can be
distinguished by this retrieval method.
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